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ABSTRACT We report a single-electrode-based sliding-mode triboelectric nanogenerator
(TENG) that not only can harvest mechanical energy but also is a self-powered displacement
vector sensor system for touching pad technology. By utilizing the relative sliding between an
electrodeless polytetrafluoroethylene (PTFE) patch with surface-etched nanopartices and an
Al electrode that is grounded, the fabricated TENG can produce an open-circuit voltage up to

1100 V, a short-circuit current density of 6 mA/m? and a maximum power density of 350 mW/m?

on a load of 100 MS2, which can be used to instantaneously drive 100 green-light-emitting
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diodes (LEDs). The working mechanism of the TENG is based on the charge transfer between

the Al electrode and the ground by modulating the relative sliding distance between the “Resistance @)
tribo-charged PTFE patch and the Al plate. Grating of linear rows on the Al electrode enables the detection of the sliding speed of the PTFE patch along one
direction. Moreover, we demonstrated that 16 Al electrode channels arranged along four directions were used to monitor the displacement (the direction
and the location) of the PTFE patch at the center, where the output voltage signals in the 16 channels were recorded in real-time to form a mapping figure.
The advantage of this design is that it only requires the bottom Al electrode to be grounded and the top PTFE patch needs no electrical contact, which is

beneficial for energy harvesting in automobile rotation mode and touch pad applications.
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arvesting mechanical energy from
H ambient environment has attracted

increasing attention in the past de-
cade not only for meeting the rapid-growing
energy consumptions but also for realizing the
self-powered sensor systems and achieving
some electrochemical applications.' ~* Various
effects for scavenging mechanical energy
have been developed such as electromag-
netics,** piezoelectrics,®” and electrostatics.2’
Based on the coupling between triboelectrifi-
cation and electrostatic induction, the recently
invented triboelectric nanogenerator (TENG)
has been utilized to harvest random mechan-
ical energy.'® ' However, the previously
demonstrated TENGs are all based on the
vertical/horizontal separation of two tribo-
charged thin film materials coated with metal
electrodes for electric output. It is critical
to develop new approaches to fabricate the
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TENGs without the need of depositing the
metal electrodes on the triboelectric film
materials so that we can build an electrodeless
TENG for “wireless” application, which can
effectively reduce the fabrication cost of the
devices and achieve some new applications,
such as energy harvesting from a rotating tire
or touch pad sensor.

The purpose of developing self-powered
nanotechnology is to drive the sensors by
scavenging energy from its working envi-
ronment instead of the external power
sources or the conventional batteries.'>"*
TENGs have been used as self-powered
sensors for sensing mercury ions, catechin,
and change of magnetic field.">~"” Usually,
displacement vector sensors are capable of
high-resolution measurement of the move-
ment position and direction of the target
object,’® which have a wide variety of
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applications including assembly of precision equip-
ment, machine tool metrology, safety monitoring,
and human—machine interfaces.'® The reported dis-
placement sensors are usually based on the optical,
thermal, or magnetic sensing mechanism, where an
external power source is mandatory for driving these
sensors.20~ %2

In this paper, we present the single-electrode-based
sliding TENG that is based on the periodic overlapping
and separation between a polytetrafluoroethylene
(PTFE) patch and an Al electrode by the relatively
sliding motion. Due to the coupling between the
triboelectric effect and electrostatic effect, the periodic
change in the contact area between two surfaces can
result in the charge transfer between the Al electrode
and the ground, thus driving the flow of electrons in an
external load. The working principle has been also
elaborated by using the finite-element simulation.
The maximum power density of the TENG is about
350 mW/m? at a load of 100 MQ. The TENG can be used
to drive 100 green-light-emitting diodes (LEDs) instan-
taneously. The sliding speed of the PTFE patch on
the Al electrode along one direction can be detected
by grating of linear rows on the Al electrode. Moreover,
we demonstrated the application of TENGs as a
self-powered displacement vector sensor system for
detecting the motion of an object without the use of an
external power source. The output voltage signals from
16 Al electrode channels were recorded in real time
as a mapping figure. The motion direction and location
of the object can be obtained by the analysis of
the measured mapping figures. This work is an impor-
tant progress toward the practical applications of the
TENG-based mechanical harvesting techniques and
the self-powered sensor systems.

RESULTS AND DISCUSSION

Figure 1a illustrates a schematic diagram of the
fabricated TENG, which consists of a triboelectric PTFE
patch and an Al plate, where the Al plays dual roles
of a triboelectric surface and an electrode. The PTFE
patch and the Al plate are kept in parallel to each other,
where the inner surfaces are in intimate contact. The
two plates slide against each other, with the contact
area changing periodically by the mechanical motion
along the short-edge of the plates. Usually, the output
performance of the TENG can be enhanced by increas-
ing the surface roughness and the effective surface
area of the triboelectric materials to induce a larger
triboelectric charge density. To increase the triboelec-
tric charge density on the surface of the PTFE, it can
be dry-etched using inductively coupled plasma (ICP)
to create the nanoparticle structures. Figure 1b shows
a scanning electron microscopy (SEM) image of the
etched PTFE surface, which is uniformly covered with
the nanoparticle structures with an average diameter
of about 200 nm. The etched surface of PTFE was
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further characterized by the atomic force microscope
(AFM), showing the same nanoparticle structures on
the surface, as illustrated in Figure 1c. Figure 1d shows
the output performance of the single-electrode-based
TENG, where the V, can reach 1100 V with a peak Js
of 6 mA/m?. To confirm that the obtained output
signals in Figure 1d were generated by the TENG, the
produced energy was used to directly drive 100 green
LEDs under the fast sliding motion of the PTFE on the
Al plate, as shown in Figure 1e. In order to clearly
demonstrate the AC output, these LEDs were divided
into two groups in series (Supporting Information
Figure S1), which were connected to the TENG. Under
a low sliding frequency, the two LED groups were
alternately lighted up, as shown in the movie file 1
(see the Supporting Information). The lifetime of the
fabricated TENG can be up to several tens of years by
increasing the thickness of PTFE film.

The mechanism of the single-electrode-based slid-
ing TENG is schematically depicted in Figure 2a. In the
original position, the surfaces of PTFE and Al fully
overlap and intimately contact each other. According
to the triboelectric series,?® the contact between the
PTFE and Al will result in electrons that are injected
from Al to PTFE since PTFE is much more triboelectri-
cally negative than Al. The produced negative tribo-
electric charges can be preserved on the PTFE surface
for a long time due to the nature of the insulator.?*
Once the top PTFE with the negatively charged surface
starts to slide outward, it will result in the decrease
of the induced positive charges on the Al, thus the elec-
trons flow from ground to Al, producing a positive
current signal. When the top PTFE fully slides out of
the bottom Al, the two triboelectric-charged surfaces
are entirely separated, and then an equilibrium state
can be created with no output voltage/current. When
the top PTFE plate is reverted to slide backward, the
induced positive charges on the Al increase, driving the
electrons to flow from Al to the ground to produce a
negative current signal. Once the two plates comple-
tely reach the overlapping position, the charged sur-
faces fully contact again and there will be no change
of the induced charges on the Al, thus no output
current can be observed. This is a full cycle of the
single-electrode-based sliding TENG working process.

The electric potential distribution in the TENG and
the charge transfer between the Al and the ground can
be verified through numerical simulation using COM-
SOL. The proposed model is based on a PTFE patch and
an Al plate with the same dimensions (5 cm x 8 cm x
0.1 cm), as shown in the inset of Figure 2b. The tribo-
electric charge density on the PTFE was assumed to
be —10 4C/m? The Al plate was connected with the
ground. Figure 2b depicts the calculated results of
the electric potential distribution in the TENG under
four different sliding distances of 0, 16, 26, and 40 mm.
When two plates are fully overlapped, the electric
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Figure 1. (a) Schematic diagram of the single-electrode-based sliding TENG. (b) SEM image of the PTFE surface with etched
nanoparticle structure. (c) AFM image of the etched PTFE surface. (d) Open-circuit voltage (V,) and the short-circuit current
density (J;.) of the TENG. (e) Snapshot of 100 commercial green LEDs directly driven by the TENG with the fast sliding motion,

as shown in the movie file 1.

potential on the PTFE surface approaches zero. When
the top PTFE plate slides out with a displacement of
26 mm, the electric potential on the PTFE surface is
up to —6000 V. It can be clearly seen that the electric
potential difference between the PTFE and the Al
increases dramatically with increasing sliding distance.
As illustrated in Figure 2¢, the amount of the total
charges on the Al plate decreases linearly with increas-
ing sliding distance, indicating that the transferred
charges between Al and the ground increase with
the increasing sliding distance.

Usually, the effective output power of the TENG
depends on the match with the loading resistance.
Figure 2d shows the resistance dependence of both
output voltage and the output current density with the
resistance from 10 Q to 1 GQ. The output voltage of
the device rises up with increasing loading resistance,
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while the current density drops with the increase of
the resistance. As shown in Figure 2e, the output power
density was plotted as a function of the loading
resistance. The instantaneous power density remains
close to 0 with the resistance below 1 MQ and then
increases in the resistance region from 1 to 100 MQ.
The power density decreases under the larger loading
resistance (>100 MQ). The maximum value of the
output power density reaches 350 mW/m? at a loading
resistance of 100 MQ.

To illustrate the potential applications of the
single-electrode-based sliding TENG, we demon-
strated that the TENG can be used as a self-powered
sensor for detecting the sliding speed of an object. As
shown in Figure 3a, the linear grating of the Al plate
with a uniform period was fabricated, where the rows
of grating units have the same size (5 mm x 40 mm)
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Figure 2. (a) Sketches that illustrate the electricity generation process in a full cycle. (b) Finite-element simulation of the
potential distribution in the TENG. The inset shows the model for the calculation with the separation distance of 0.2 mm
between PTFE and Al. (c) Curve of the induced charge quantity on the Al electrode versus the sliding distance from 0 to 40 mm.
(d) Dependence of the output voltage and the current density on the external loading resistance. (e) Plot of the power density

versus the loading resistance.

and all the Al strips are electrically connected together
as an electrode across a loading resistor connected
with the ground. A PTFE patch with a size of 2 cm x
2 cm was used as the sensitive unit, and a detected
object was attached to it. When the PTFE slid through
the Al strips, the output voltage of the TENG ex-
hibits peaks of alternating directions, as illustrated in
Figure 3a. The number of peaks with the negative
direction correspond to the number of the Al strips.
By fixing one end of the substrate and increasing the
height of the other end (Figure S2), we measured the
output voltages of the TENG under different tilt angles
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(defined as the angles between the substate and the
ground), as shown in Figure 3b. Due to the increase
of the gravity acceleration of the detected object, it
slid faster and faster with increasing tilt angles, result-
ing in the decrease of the used time that the PTFE slid
through the Al strips, as shown in Figure 3c. By using
the output voltage peaks of the TENG, we can obtain
the speed of the detected object plotted as a function
of the sliding distance on the Al strips, as depicted
in Figure 3d. The speed exhibits a linear increase with
the sliding distance and can be up to 132 mm/s at the
tilt angle of 10.5°. The speed can be increased further
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Figure 3. (a) Optical image of the fabricated Al electrode strips and the output voltage of the TENG when the PTFE slid
through the Al electrodes. (b) Measured output voltages under the different tilt angles of the Al electrode plate, where the tilt
angle was defined as the angle between the Al electrode plate and the ground. (c) Plot of the time from the first negative
output voltage peak to the last positive one versus the different tilt angles of the Al electrode plate. (d) Summarized
relationships between the speed and the distance under two different tilt angles.

to 330 mm/s by increasing the tilt angle of the Al plate
to 15.0°.

To illustrate the potential applications of the single-
electrode-based sliding TENG as the displacement
vector sensor system, we fabricated 16 Al electrode
channels distributed along four directions for detect-
ing the movement direction and position of an object
attached to the PTFE by real-time recording the output
voltages in the 16 channels. Figure 4a shows the
schematic diagram of the fabricated displacement
vector sensor system, where each Al electrode is con-
nected with an external loading resistance of 10 MQ to
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the ground. The output voltage signals in 16 channels
were recorded in real-time as a mapping figure.
Figure 4b presents the photograph of the fabricated
sensor system, where each Al electrode strip has a size
of 5mm x 30 mm. The detected object was attached to
a PTFE patch with the size of 2 cm x 2 cm, which was
used as the sensitive unit at the center of the sensor
system. To demonstrate the functionality of the fabri-
cated sensor system, the PTFE slid along the direc-
tion 1 to contact the first Al electrode strip, and the
corresponding output voltages in the 16 channels
were measured in real-time, as shown in Figure 4c.
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Figure 4. (a) Schematic diagram of the fabricated displacement vector sensor system. (b) Optical image of the sensor system.
(c) Output voltages in 16 channels and the obtained mapping figure when the PTFE was in contact with the first Al strip.
(d) Output voltages in 16 channels and the mapping figure when the PTFE slid rapidly along the direction 1. (e) Output
voltages in 16 channels and the mapping figure when the PTFE slid rapidly along the direction 4.

A negative output voltage peak of about —1.3 V can
be observed in the first channel, which corresponds to
the contact between the PTFE and the first Al electrode
strip. The mapping figure of the measured negative
output voltage signals also shows that the first Al
electrode strip was touched by the PTFE. Without
the displacement of the PTFE, the corresponding
mapping figure shows that no output voltage signals
can be observed, as illustrated in Figure S3. If a
smaller loading force on the PTFE was applied, the
TENG produced a lower output voltage of —0.7 V due
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to the decrease of the induced triboelectric charges,
as shown in Figure S4.

When the detected object slid rapidly through the
Al electrode strips along the direction 1, the measured
output voltage signals in 16 channels were depicted
in Figure 4d, clearly showing that the four negative
output voltages of about —1.8 V can be observed in
the first 4 channels along the direction 1. Analysis of
the corresponding mapping figure can also reveal that
the detected object slid along the direction 1. Figure 4e
shows the output voltage signals in the 16 channels
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Figure 5. (a—d) Produced mapping figures when the PTFE slid through the Al strips along the different four directions.
(e) Green LEDs were lighted up one by one when the PTFE slid along the direction 4.

and the mapping figure when the detected object slid
rapidly along the direction 4. The obtained negative
output voltage signals decrease in the Al electrode
channels from inside to outside, which is associated
with the decrease of the loading force on the PTFE in
the sliding process. Figures S5 and S6 show the ob-
tained mapping figures of the sensor system when the
PTFE slid rapidly along the other two directions. These
results clearly indicate that all of the 16 channels of
the device are functional and the sensor system can be
used to determine the sliding direction of the detected
object under the fast movement. Moreover, the fabri-
cated sensor system has a fast response to the dis-
placement of the detected object since it can produce
a negative output voltage signal immediately when
the PTFE is just in contact with the Al electrode strip.
By addressing and monitoring the negative output
voltage signals in 16 channels of the vector sensor
system, the displacement information of the detected
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object including the direction and position can be
attained. As displayed in Figure 5a, the measured four
mapping figures of the sensor system clearly show
the four different positions when the detected object
slid through the direction 1. The difference between
the mapping figures in Figure 5a,d is due to the
different sliding speeds. As shown in Figure 5a, when
the PTFE was in contact with the first Al electrode
strip, a negative output voltage signal was produced
in the first channel. Then, when the sliding PTFE was in
contact with the second Al electrode strip, a negative
output voltage signal can be obtained in the second
channel, but there was no negative output voltage
signal in the first channel due to no change of the
contact area between the PTFE and the first Al elec-
trode strip, as shown in Figure 5a. However, when the
sliding speed of the PTFE was enough fast, the pro-
duced negative output voltage signals in the several
channels can be observed in the same mapping figure,

VOL.7 = NO.8 = 7342-7351 = 2013 AQ\IA[\D

Www.acsnano.org

11O1Ld

7348



Figure 6. (a) Photograph of the fabricated displacement vector sensor system by using Ag electrodes. (b) SEM image of the Ag
electrodes. (c) SEM image of the enlarged Ag electrode. (d) Mapping figure when the PTFE did not slide, showing that no
output voltage signals can be observed. (e) Measured mapping figures when the PTFE slid to contact the first Ag electrode

along the four different directions.

as shown in Figure 4d. Figure 5b—d shows the ob-
tained mapping figures of the sensor system when the
detected object slid along the other three directions.
The motion direction and position of the detected
object can be confirmed by the analysis of the map-
ping figure. Figure S7 presents the positive output
voltage signals that can also be used to detect the
direction and position, which has been shown in movie
file 2 (see the Supporting Information). However, the
resolution of displacement for this case is substantially
lower than that of negative output voltage signals
since the positive output voltage signals can only be
produced when the PTFE patch fully slides out of the
contacted Al strip, thus the displacement detection
limit is larger than the size of the used PTFE plate.
However, the resolution of the displacement for the
negative output voltage signals is determined by the
width of the fabricated Al strips.

To demonstrate that the induced mechanical energy
by the sliding motion of the detected object in the
sensor system can be used to detect the sliding direc-
tion and position, 16 green LEDs were used to replace
the loading resistors in Figure 4a as the displacement
indicators. When the detected object slid along the
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direction 4, the produced energy at the different posi-
tions can drive the different LEDs, so that the corre-
sponding LEDs can be lighted up one by one, as
illustrated in Figure 5e. The other LEDs can be also
lighted up when the detected object slid along the
other directions, as shown in the movie file 3 (see the
Supporting Information). The direction and position of
the detected object can be confirmed by observing
which LED in the sensor system is emitting light. The
results are consistent with the data in Figure 5a—d.

In order to enhance the detection resolution of
the displacement vector sensor, the inkjet-printed Ag
microstrips on the paper substrate were designed to
fabricate the device. Figure 6a shows the photograph
of the printed Ag microstrips, where the width of each
Ag strip is about 150 um with the separation distance
of 50 um, as illustrated in Figure 6b. The enlarged SEM
image of the Ag electrode strip clearly shows that
the diameters of the Ag nanoparticles are smaller than
50 nm, as shown in Figure 6¢c. When the detected
object remains at the center of the system, the map-
ping figure of the negative output voltage signals
shows that no output signals for all 16 channels can
be observed, as shown in Figure 6d. Figure 6e displays
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the measured mapping figures of the sensor system
when the detected object on the PTFE slightly slid to
contact the first Al electrode microstrip along the four
directions. Although the measured output voltages are
smaller than the data in Figure 4 due to the smaller
electrode size, the obtained displacement resolution of
about 200 um is much higher than that in Figure 4.
Moreover, when the PTFE slid rapidly through the Al
microstrips along the direction 4, the negative output
voltage signals in the four channels can be observed, as
shown in Figure S8.

CONCLUSION

In summary, we have demonstrated a designed
TENG based on the sliding motion between a PTFE
patch and an Al plate without need of the metal
deposition on the triboelectric materials. The mechan-
ism of the TENG is based on the charge transfer
between the Al electrode and the ground by modulat-
ing the relatively sliding distance between the Al and

EXPERIMENTAL SECTION

Fabrication of the Single-Electrode-Based Sliding TENG and the
Self-Powered Displacement Vector Sensor System. The fabricated TENG
is based on the sliding motion between a PTFE patch with
the etched nanoparticles on the surface and an Al electrode,
which was connected to the ground across an external loading
resistor. The nanoparticle structures with the average diameter
of about 200 nm on the PTFE surface were fabricated by using
the inductively coupled plasma (ICP) reactive ion etching. In the
etching process, a Au film with the thickness of about 30 nm as
the mask was deposited on the PTFE surface. A mixed gas
including Ar, O,, and CF, was introduced in the ICP chamber,
where the corresponding flow rates are 15.0, 10.0, and 30 sccm,
respectively. The PTFE nanoparticle structure was etched under
one power source of 400 W to generate a large density of plasma.
For the self-powered displacement vector sensor system, an
acrylic mask was fabricated by using the laser cutting technique.
Then Al was deposited through the open window areas of the
mask to produce the strip structure. The 16 Al electrode strips were
distributed along four different directions, and each Al electrode
was connected with a loading resistor of 10 MQ. The other end of
the loading resistor was connected with the ground. A PTFE patch
was placed at the center of the sensor system as the sensitive unit,
where the detected object was attached to the PTFE.

Measurement of the Fabricated Self-Powered Displacement Vector
Sensor System. In the voltage measurement process, the displace-
ment vector sensor system was connected with both a low-noise
voltage preamplifier (Stanford Research System model SR560)
and a loading resistor of about 10 MQ, where the other end
of the resistor was connected with the ground. A homemade data
acquisition system was used to obtain the output voltage signals
of the 16 channels in real-time. For the current measurement, the
output current of the TENG was measured by a low-noise current
preamplifier (Stanford Research SR570). The output voltage of the
TENG was measured by an electrometer with very large input
resistance.
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PTFE, thus generating an AC electric output across an
external load. By converting the mechanical energy of
sliding motion into electricity, the TENG delivered an
open-circuit voltage of 1100 V and a short-circuit
current density of about 6 mA/m? which can be
directly used to drive 100 green LEDs. The TENG based
on the linear grating of the Al electrode can be used as
a self-powered displacement sensor for detecting the
speed along one direction. Moreover, the fabricated 16
Al electrode channels were distributed along four differ-
ent directions, which was used as a displacement vector
sensor system for detecting the direction and position of
an object at the center. The displacement information
can be obtained by analysis of the real-time recording
negative output voltage signals in the 16 channels as a
mapping figure. This work opens up a new field in single-
electrode-based sliding nanogenerators for harvesting
mechanical energy and pushes forward a significant
step toward the practical applications of nanogenerators
as the self-powered sensor systems.

Supporting Information Available: Additional figures include
the schematic diagram of the connection between the green
LEDs and the TENG, the schematic diagram of the sliding
process of the PTFE on a tilted substrate with the periodic Al
strips, the mapping figure without the sliding motion of the
PTFE, the mapping figure when the PTFE slid to contact the first
Al strip under a smaller loading force along the direction 1 in
Figure 4c, the mapping figure when the PTFE slid rapidly along
the direction 2, the mapping figure when the PTFE slid rapidly
along the direction 3, the mapping figures when the positive
output voltage signals were used to detect the displacement,
and the mapping figure when the PTFE slid rapidly along the
direction 4 for the device in Figure 6. The additional movie files
include single-electrode-based sliding TENG for directly lighting
up 100 LEDs, the output voltage signals when the PTFE slid
rapidly along the different directions, and the LEDs lighted
up by the sliding motion of PTFE along the different directions.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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